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W3yuen mporecc GOpMUPOBAHUA HEPE30OHAHCHOTO TYHHEJIBHOT'O TOKAa Uepes
LETOYeYHYI0 MOJIEKYJIY C HaChIIIeHHBIMU CBaA3AMU. [IoKasaHo, UTO AeJIOKaIn-
3aIusA 3JIEKTPOHA IO MOJIeKyJae GopMUPYeT IPAMOYTOJIbHbBIN 9HEePreTHuUeCcKui
TYHHEJbHBIN 6apbep B JOCTATOUHO IIMPOKOM AUANA30HE IJIUH MOJIEKYIAPHOH
nenu. BeicoTa 6aphepa JUHEHHO 3aBUCUT OT PA3HUIIBI 3JIEKTPUYECKUX MTOTEH-
IIAAJI0B, IPUJIOKEHHON K sJeKTpomaMm. HalieHb! ycJIOBUSA, IPU KOTOPBIX OCY-
IIEeCTBJIsIeTCA YKA3aHHBIA PEKUM TyHHeJaupoBaHUA. IlonydueHbl aHAJIUTHUE-
CKMe BBIPAKEHUs IJIs TOKA U IPOBOAMMOCTH MOJIEKYJIbI, M3 KOTOPBIX CIEAYeT,
YTO HEJIMHEMHOCTD BOJIbT-aMIIEPHBIX XaPaKTEePUCTUK MOJIEKYJIAPHOr0 IIPOBOAA
PE3KO0 BO3PaCTAaeT C YBeJINUEHNEeM AJUHBI MOJEeKYJISPHOM IIelu.

BuBueno mporiec (hpopMyBaHHA HEPE3OHAHCHOTO TYHEJIBHOTO CTPYMY Uepes Jia-
HITIO}KKOBY MOJIEKYJIIO 3 HACUUeHUMU 3B’ si3KaMu. [IokasaHo, 110 AeJbOKaJi-
3allis eJIeKTPOHA MO MOJIEKYJIi (hopMye IPAMOKYTHiil eHepreTUYHUA 6ap’ep y
JOCUTH INMUPOKIM [isimasoHi MOBKUH MOJIEKYJISPHOrO JAaHIIOXKKa. Bucora
6ap’epy JiHIHHO 3aJ€KUTDL BiJ PIsKHUII €JIeKTPUUYHUX MOTEHIiAMIB, IO IPU-
KJaZeHa IO eJeKTPok. SHAWIeHO YMOBH, 3a AKUX 3MiHMCHIOETHLCSI 3a3HAUEHUN
pexxkum TyHemioBanHA. Omep:KaHO aHAJITUUYHI BUpasu AJIs CTPYMY Ta IIPOBij-
HOCTH MOJIEKYJIi, 3 AKUX BUILINBAE, 1[0 HeJIiHINHICTh BOJILT-aMIEPHUX XapaK-
TEePUCTUK MOJEKYJISIPHOrO IPOTY Pi3KO 3pocTae 3i 30iJIbIIeHHAM JOBKUHU MO-
JIEKYJISPHOTO JIAHII0MKKA.

Process of the current formation through a chain molecule with saturated
chemical bonds is studied for the case of off-resonant electron transmission. As
shown, the electron delocalization over molecule forms a rectangular energy bar-
rier for electron tunnelling in a wide range of molecular-chain length. The height
of this barrier depends linearly on the voltage applied to electrodes. The condi-
tions for such tunnelling mode are determined. Analytical expressions for the
current through the molecule as well as the molecule conductance are obtained.
As shown, the nonlinearity of the current—voltage characteristics of the molecu-
lar line rises sharply with the increase of the molecular-chain length.
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(ITonyueno 23 noabps 2007 e.)

1. BBEAEHHUE

B mocienHee BpeMs B CBA3U C 3aJaYaMU MOJIEKYJIAPHOIN 9JeKTPOHUKU
MIPOIlecChl, MMPOUCXOAAIINE TIPU IIEepeHoce 3apsna uepes HAHOMOJEKY-
JSpPHBIE CTPYKTYPHI, ABJIAIOTCA 00bEeKTOM HWHTEHCHBHOTO KCCJIEIOBAa-
Hua. CymiecTByeT ABa OCHOBHBIX IIOAXOMa IJA MX omucaHusA. IlepBbIi
O0asupyercsa Ha (opmasu3dmMe HepaBHOBecHoOU (yuKmum I'puna [1-4],
BTOPOH MCIIOJIL3YET METOJ HEPABHOBECHOII MATPHUIILI IJIOTHOCTH [5—T7].
HesaBucumMo OoT MeToa ONMMCAHUS TOKA, BaAKHBIM ABJIAETCS BBIOOD MO-
Ieau, TO3BOJAIONIEN MOHATh (PUBUKY KOHKPETHOTO TPAHCIOPTHOTO
npoiiecca. OcoObIli MHTepecC IPeACTABISIeT uaydueHue (HOpMHUPOBAHUSA
TOKa Yepe3 MOHOCJIOM OPraHWYeCKHX MOJIeKYJ (TaKkue, KaK MJIEHKU
Jlearmiopa—Baom:xeTT), pasMeIéHHble MeK Iy MeTALINIECKIMU dJIeK-
Tpomamu. B HacTosIeir paboTe paccMaTpUBAIOTCI OCOOEHHOCTU dJIEK-
TPOHHOI'0 IIepeHoca B MOJIEKYJaX C HACBHIIMEeHHBIMU G-CBA3AMU MEKIY
aToMaMU, COCTABJIAIOIIUMHU KOCTAK MOJIEKYJHBI (cM. [8]). B aTom cayuae
DHEpPTUsA JIEKTPOHAa Ha JI000U M3 CBOOOAHBIX MOJEKYJISIPHBIX OpOHTA-
aax (MO) pacmojo:keHa OaJeKO OT YpPOBHeilr PepMU MeETALIUYECKUX
aJIeKTpoaoB. IToaToMy maske Ipu MPUJIOKEHUN CUJIBHOTO BHEIITHETO II0-
JIsT TPAHCMUCCHUSA 3JIEKTPOHOB Uepes MOJIEKYJY HOCUT Hepe3OHaHCHBIN
xapakTep, a MOJIEKyJia BLICTYIIAeT B KaueCcTBe TYHHEJILHOTO Oapbepa JIJis
asieKkTpoHa. CaM ’Ke mpoIlecc TPAaHCMUCCUM 9JIEKTPOHA ABJIAETCS YIIPY-
ruM. MauH nu KyHb Ha mpuMepe MOJIeKYJI :KUPHBIX KHUCJIOT (COCTaBJIEH-
HbIX U3 —(CH,)—-3BeHbEB 1eTTOUKYM) NOoKazaau [9], 4To TOK uepe3 MOHO-
CJIO TAKUX MOJIEKYJI ITaJaeT ¢ POCTOM JJIMHBI MOJIEKYJIbI IO 9KCIIOHEH-
IIUAJIbHOMY 3aKOHY:

I=Ie", 1)

rae I, — BejqmumHA, 3aBUCAIINAA OT THUIA MOJIEKYJbI 1 KOHTAKTa MOJe-
KYJBI C 9JIEKTPOJaMM, a 3 — mapaMeTp AMCTAHIIMOHHOTO 3aTyXaHW!sd.
Meroanl pacuéra mapamMeTpa 3aTyxXaHuA J XOpoImo paspaboTaHbl (CM.,
Hampumep, padorsl [10—13]) 1 M03BOJIAIOT HAXOAUTD ITY BEJIUUYNHY IPU
OTCYTCTBUU 3JIeKTpUUecKoro moJisd. Ho okasaioch, UTO He3aBUCAIIee OT
Pa3HOCTH AJIEKTPUUECKUX MOTEHIINAJIOB V 3HaUeHNe [3 MOKeT UCI0JIb30-
BAThCA IJIA OMUCAHUA SKCIePUMEHTATbHBIX JaHHBIX TOJbKO IIPU MAJIbIX
V. Hua vaxomxnaenus zasucumoctu [ =p(V) cyliecTByeT HECKOJIBKO
TeopeTuuyecKux mMomeseil (mogens CummoHnca [14], Moaesb OZHO30HHOTO
MeXKIJeKTPOAHOTO TyHHeaupoBaHus [15], moxmenr Paynepa—Hopna-
xetima [16]). OgHaxko JaHHBIE TEOPUU B HEJIOCTATOUYHOM MeEpPE yUYUTHIBA-
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0T cnenu@uUKy MOJIEKYJISIPHOTO IIepPeHoca M OCOOEHHOCTH CTPYKTYPHI
KOHKPETHBIX MOJEeKYJI. JleTalbHBIN aHATN3 TYHHEJINPOBAHUA Uepes O/l-
HY OPOCTYIO HE3amOJIHEHHYIO 30HY MOJIEKYJbI JaH B paborax [17, 18],
e IOJIyUYeHbl BRIPAYKEHUA IJISd TYHHEJbHOU TPAHCMMUCCHUOHHON (PyHK-
UM, Kak IJsd caaboro, Tak U AJA CUILHOTO 9JIEKTpUUecKoro mojasa. Ho
ciaenyeT OTMETHUTDL, UTO Jaske B cJydae ONHOII sHePreTHUYeCcKOil 30HEBI
aHaJIN3 IPOBeAEH He ImoJaHOoCcThio. OCHOBHOI IIPoO6JieMOil 3[eCh CTaHO-
BUTCA KOPPEKTHBIA YUET KOHKYPEHIIUU MEeXKAY CABUTOM JIOKAJbHBIX
SJIEKTPOHHBIX COCTOAHUI MOJIEKYJIBI O AeICTBUEM II0JISI 1 KBAHTOBBI-
MU IIpolieccaMu, (hopMUpyoImuMu aeaoxkaansoBanusie MO. Kak orme-
yeHo B pabore [19], uMeHHO 3a CUET HeJOKANMBAIIUU DJIeKTPOHA II0 MO-
JeKYyJie TOCHeHAA « MeTaJJAnu3nupyeTcsa». B manuoii paboTe MbI IIOKA3hI-
BaeM, UTO 3a CUET CUJILHOU OeJIOKAJM3aIlluy 3JIEKTPOHHBIX COCTOSHUM
sHepreTuuecKuil 6apbep AJIA TYHHEJIUPYIOIIero uepe3 MOJIEKYJIY 3JeK-
TpoHa He MEHSET CBOell IMIPAMOYTOJbHOM (hOPMBI IIOJ AeHCTBUEM SJIEK-
TPUUECKOTO II0JISI, a cMelraeTrcd JuHeiino. HaligeHbl yCI0BUs, IIPU KO-
TOPBIX COXPAHSETCA TAKON PEeXHM U MOJYUYEHBI aHAJIUTHUYECKHE BhIpa-
JKeHU IJIs TOKA U ITPOBOAMMOCTY MOJIEeKYJIbl. B HacTodAei padbore pac-
CMAaTPUBAaETCsA CaydYaill, KOrJa COCTOSHUA TEPMUHAJLHBIX T'PYMIII MOJIE-
KYJIbI, CBSIBLIBAIOIINX €€ C 3JIeKTPOIOM, He UTPAIOT 3HAUNTEIbHON POJIT
B TPAHCMUCCHUHU DJIEKTPOHA. B KauecTBe mpuMepa TaKUX I'PYIIIT MOYKHO
npuBectu rpynnbl —NH, u —COOH, cBa3b KOTOPBLIX C 9JIEKTPOJAMU U
OCHOBHOII YaCTh MOJIEKYJIBI OcJabJieHa.

2. MOJEJDb U TEOPUA

PaccmarpuBaercsa peryasapHasi IlelIOUYeYHAs MOJIEKYJIA, IIPEICTaBJIIAIO-
masa coboit Habop m3 N 3BEHLEB, CBABAHHBLIX C METAJINYECKUMU 3JIEK-
TpoZaM! CBOUMH TepPMUHAJBLHBIMU rpymnmamMu (puc. 1, a). [ducranmms
MEXKIY 9JeKTPOJaMU, PACCTOAHNE MeKIY 3BEHbAMU IeU, PACCTOSHUSI
MEKIy JIeBBIM M IIPABBIM 9JI€KTPOAOM UM HPUMBIKAIOIMMU KPaeBbIMUI
3BeHbIMU 0003HAUYEHBI, COOTBETCTBEHHO, Uepes O, a, O, u Op. PaccmaTpu-
BaeTcsdA caydail, KOrga 9JeKTPOHHBIE YPOBHU TEPMUHAJIBHBIX I'PYIII MO-
JIEKYJIBI OTCTOSAT AAJeKO OT YPOBHeH PepMu 9JIeKTPOOB U cJIabo B3anuMO-
nmeiicTByioT ¢ MO oCHOBHOM (I[emovYedHOIT) yacTu MOJIEKYyJbl. PaKTuue-
CKH, KaKJasa TepMUHAJIbLHAA IPYIIIa IPUHIMAaeT yUacTHhe B IIPoIlecce Iie-
peHoca 3JIEKTPOHOB TOJLKO KaK ITPOCTPAHCTBEHHBIN pPa3leIuTelb MeXKIY
SJIEKTPOJOM U IPUMBIKAIOIINM KpaHHUM 3BeHOM menu. CBA3b MOJIEKYJIbI
C BJIeKTPOIaMU BhIpasKkaeTcs uepes 9()eKTUBHBIE MATPUUHBIE 9JI€MEHThI
Brx ¥ Pgyy KBAHTOBOIO IE€PECKOKA ITEKTPOHA € KpailHuX (1-ro uiau N-ro)
3BE€HBEB e B 30HY IIPOBOJMMOCTH JIEBOTO (C BOJIHOBBIM BeKTOpPoM k)
WJIY TPABOTO (C BOJTHOBLIM BEKTOPOM () 9JI€KTPO/Ia, COOTBETCTBeHHO. s
HEMarHUTHBIX 9JIEKTPO/OB 3TH MAaTPUYHbBIE 9JI€MEHTBI HE 3aBUCST OT IIPO-
eKIINY CIIMHA IePEeHOCUMOTO0 djaeKTpoHa. Cileayer mOgUYepKHYTh, UTO, IIO-
CKOJILKY B HCIIOJIL3YIOIIeiicss mMozenau ypoBHEH MO OTCTOAT JajieKO OT
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nenovcyHas MOJICKYJ1a

MOJICKYJIApHas 30Ha

Eg(V)+2.c0s Wt

ER(V)

Ep(V)-2B608 1
AER(V) = ®p—|e|V/2 (5, - Op)

TYHHEJTHPOBaHHeE

\ 4

ML=Ez~"er Up=E .4
2 2

0

Puc. 1. CrpykrypHasda (a) u sHepreTuyecKas (6) CXeMbI CCTEMBI «JI€BBIH dJIEK-
TPOA—MOJIeKYyJJa—TIIpaBblii aseKTpon» (LM R). (O0bsicHEHIS CM. B TEKCTE.)

ypoBHeii @epMu, IMEePEeHOCUMBIN OT 3JIEKTPOAA K DJIEKTPOAY JJIEKTPOH
UMeeT MCUYe3aollle MaJIyi0 BePOATHOCTh TEMIIEPATYPHO 3aCEJUTh MOJIe-
Kyay. Takum oO6pasoM, IIpoIecc 3JIEKTPOHHO TPAHCMUCCUU CBOIUTCA K
YHOpPYyroMy TYHHEJIMPOBAaHUIO 9JIEKTPOHA.

OO0t raMUJIBTOHUAH CUCTEMBI «JIEBBIM BJIEKTPOA—MOJIEKYJa—TIIpa-
BBIi 81eKTpoa» (LM R) COCTOUT 13 TPEX COCTABJISAIONINX,

H=H _,+H,+V .. (2)

9TO — JIEKTPOHHBIN raMUJIbTOHUAH 2JIEKTPOLOB ( H ), 3JIeKTPOHHBIN
raMUJIbTOHUAH MoJseKyJsl ( H,, ) 1 B3aumMogelicTBue MeXay MOJIEKYI0i
u snextpomamu (V,, ,, ). SIBHBII Buj raMunbToHNaHa (2) mMoaydeH, Ha-
mpumep, B padore [ 7].

CienmyeT yuecThb, UTO B pacCMaTPUBAeMOM MOAEJIU HEAKTUBHBLIX Tep-
MUHAJLHBIX TPYIII B3aNMOAENCTBUE TEPMUHAIBbHBIX TPYIII MOJIEKYJIBI C
DJIEKTPOJaMU 3HAUUTEJILHO ciabee, UeM B3auMOIeliCTBIEe MEKIY 3BeHb-
AMU Ienouku. IlosToMy /s HaXOMKAEHUA IMOTOKA JIEKTPOHOB Uepes
MOJIEKYJIY I1eJieco00pas3Ho AMaroHaJu3upoBaTh TaMUJIbTOHNAH MOJIEKY-
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Jbl H ,;, ICIIOJIB3Ys IIpeodpasoBaHme

a,, =y u (ma,. (3)

3peck u,(n) — vJeMeHThl MaTPUIB IEPEX0/a OT JIOKATN30BaHHbIX (HA
3BEHbAX IIEININ) 3JEKTPOHHBIX COCTOAHUN K [eJOKAIN30BAHHBIM COCTOS-
HUAM, T.e. K MO. Uagexc n=1, 2, ..., N HymMepyeT JOKaJIbHbIe COCTOs-
HUSA, CBSI3AHHBIE C COOTBETCTBYIOIIMMU 3BEHbAMM MOJEKYJISPHON Iie-
mouku. IIpuHUMaeTcsa, YTO B IpoIlecce mepeHoca yuacTBYeT TOJIbKO O/-
HO 3JIEKTPOHHOE COCTOAHME Ha 3BeHO (HuKaliliee He3amoJaHeHHOe). UH-
Iexc u=1, 2, ..., N aymepyer oxuy us MO, chopmMupoBaHHBIX U3 CyLeP-
nosunuu Bcex N JOKaJM30BaHHBIX cocTosAHuUM (puc. 1, 0). B(3) a,, —
oIlepaTop YHUUYTOKEHUS 2JIEKTPOHA Ha 71-M 3BeHe IeII1 CO CIIMHOM G (CO-
OTBETCTBEHHO, 4, — OIIePaTOpP POKAEHUA); a, u a:m — aHaJIOTUYHbIE
OIlepPaTOPhI A IeJOKAJIU3UPOBAHHBIX COCTOSHUM 9JIEKTPOHHOTO ra-
MUJIBTOHMAHA Ilenu, TO ecThb Ajad MO.

B paccmaTpumBaemMoM ciyduae peryasapHON IeIIOYKY ¢ OJHON aKTUBHON
opOuTaIbIO HA 3BEHO HEBO3MYIIEHHBIN (IeCTBEM BHEITHETO 3JIEKTPU-
YeCKOTO II0JIA) MOJEeKYJAPHBLIN MaMUJIbLTOHMAH AUATrOHAJIU3UDPYETCA C
TIIOMOIIILIO IPeo0pa3oBaHUA

. / 2 . mun
u@m)=u(n)= sin 4
“() “() N+1 N+1 (4)

u IpuobpeTaeT BUJ

H, = Z(sH +t.0ana, + ZZ(l ~8, )t a4l (5)
Ho JUTHS
rae
T
e =E,—-2B cos 6
! s~ 2P N+1 (6)

— sHeprud P-it MO B orcyTcTBue asekTpuueckoro nosid (V = 0). B (6) Eg
— IIOJIOJKEHUE «IIeHTpPa TIKECTH» HUKAWIIel He3allOoJHEeHHOM 30HBI
menwu; B, — 9JEKTPOHHBIM MATPUUYHBIN 3JIEMEHT IEPECKOKA DJIEKTPOHA
MeKJy COCeIHUMU 3BEeHbAMU. BiuaHNe TMPUI0KEHHOH K 3JeKTPOomaM
Pa3HUILI IIOTEHI[NAJIOB 3aK/JII0UEHO B BeTUUNHAX

N
t. =Y AE,(Vu (n)u,(n), (7
n=1
rae AE (V) — u3MeHeHUe IIOJIOKeHHUS YPOBHSA dHEPIUU JIEKTPOHA Ha

n-M 3B€HE€, BbI3BAHHOE ﬂeﬁCTBHeM IIPUJIOKEHHOI'O ITOJIA. Briuncaenue
IIOKa3bIBaeT, YTO AMAaroHaJIbHasA BE€JIMYMHAa tuu orpegeJjdeT CMEIlleHure
OOHO3JIEKTPOHHBIX YPOBHEN MOJIEKYJIBI IIOA JEVMCTBUEM 3JIEKTPUYECKOT'O
II0JIA 1 He 3aBUCHT OT HOMEpPa YPOBHA L TAK, YTO
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ty =0e(V)=(eV /2y, —mp) (V, =—eV/2,V,=eV/2). (8)

3neck e = —|¢| < 0 — sapsy anexrpona, n, =8, /dumn, =38, /8 — darro-

PBbI, OIIPeAeSIAIONINe CABUT IeJIOKAT30BAHHBIX YPOBHEH MOJIEKYJIbI.

Eciu poab HegmaroHaabHON YacTHM raMUJIbTOHMAHA (5) HecylmecT-
BeHHA, TO AJIA HCCJETOBAaHUSA TYHHEJIbHON HPOBOIMMOCTH MOJIEKYJIBI
MOJKHO HCIIOJb30BAaTh YCEUEHHBIM raMUJILTOHUAH MOJIEKYJILI B BUIE

HM = ZE]J (V)a;GauG (9)
uo

¢ COOCTBEHHBIMU 9HEepPrumaMmn

T
E,(V) = E,(V) - 2, cos—

L (E,(V)=E, + (V). (10)
+1

Yceuénnsnlii ramuiabToHNnaH (9) paboraer, Korga AJs JIOOBIX HECOBIIA-
JAOIIIX 3HAYEHNN il u w BBIIOJIHSIETCS  HEePaBEeHCTBO
Cr = tw,/[Eu(V) -E, (V)] P<<1. IloxcraBaasa B Hero Beaudussl (7) u
(10), momyuyaem ycaoBue, ompenesdioniee, MPU KaKOM IIPUJIOKEHHOM
DJIEKTPUUYECKOM I10JIe Oaphbep AJAd TYHHEJINPOBAHUA JJIEKTPOHA MOYKHO

CUMTAaTh IIPAMOYIT'OJIBHBIM. YcaoBue umeer BUMI:

2
L |y
G =€ 5 : — <<1, (11)
N +1)° |, ™BAp) Tl — R
2N +1)  2(N +1)
rae
V2 2 2
(= [2) _ |eca (12)
8B,.| \ o 8B,

U € — HAIPSIKEHHOCTD 9JIEKTPUYECKOTO MOJIA, TEeMCTBYIOIIEeT0 Ha MoJe-
KyJay.

OxHOBPEMEHHO C AUATOHAJIM3AIINEN MOJIEKYISIPHOTO raMUJIbTOHUAHA
IPOUCXOAUT U IpeoOpasoBaHue B3aumogencTsud V,, ., . OHO mpuobpe-
TaeT hopmy

VLR—M = Z z [Brkpa:ksapc+ Bjkua:carkc]’ (13)
wo r=L,R
B KOTOPOMU
Brkp = ZBrkn up(n)(sr,LSn,l + 8r,Ran,N)' (14)

— MAaTPUYHBIN 3JIEMEHT KBAHTOBOTO MEPECKOKA 3JEKTPOHA MEXKAY -
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MO u k-Mm ypoBHEM 30HBI IIPOBOAUMOCTH I-TO 3jeKTpona (r =L, R).

Cuenyomuii mar — JuaroHaJu3alusa MOJHOT0 raMUJIbTOHMAHA CHC-
TeMbl. M3BecTHO [19], uTO mIpy MaKpPOCKOIHUECKUX SJIEKTPOJaX TPaHC-
dopmalmein 3JIeKTPOSHLIX COCTOSIHUI IIOJ BIANAHNEM B3aMMOIEMCTBUSA
(13) mo:xkHO peHeOpeUb, HO IIPU 9TOM SHEPTUs djaeKTpoHa Ha MO mpu-
obpeTaeT MHUMYIO nob6aBKy. Caenys pabore [19], momyuyaem raMuiabTO-
HuaH cucreMbl LM R (2) B Bujge

H=H,+H, (15)

rie raMUJIbTOHHAH 9JIEKTPOJOB MMeEeT CTAHAAPTHYIO (popMy:

Hy,= Y YE, a0, (16)

r=L,R k,c

(a,, u a, — omepaTopbl POKAEHUA U YHUUTOKEHUS DJIEKTPOHA Ha

r-M 2JeKTpone B coctoanuu ko), a sppeKTuBHLIN MOJEKYJIAPHEIN ra-
MUJIBTOHUAH 3aJa€TCA BhIPaKeHUEM
(eff) __ +
H{Y =Y (MNa'a, . (a7
no

Ho uo

B ném £ (V) = E (V) il (E) + T, (E)) /2, a
I, (E) =21y B, 'S(E - E,) (18)

— YVyABOEHHAas IIWPUHA WU-TO OJHOIJIEKTPOHHOTO [AEeJIOKAJTN30BAHHOTO
YPOBHSA MOJeKyJbI. (B mpubau:xkeHnn MInPOKOY 30HLI BeanuuHa (18) He
3aBHUCUT OT SHEPTUU TYHHEJAWPOBaHUS E M MOTOMY MOKHO IIOJaraTh
I, (E) =T, .) UsBectHo [8], uTO B cuCTEME C BBICOKO PACIIONIOKEHHBIMU
YPOBHSAMU MOJIEKYJIBI JOJIA HEYIIPYroro 9JeKTPOHHOr0 IIepeHoca OUeHb
maJja. IToaToMy MOMKHO I10JIaraTh, YTO TYHHEJIUPOBAHME 3JIEKTPOHA CBS-
3aHO C HepPeJaKCUPOBAHHLIMH COCTOSHUAMHU MOJIEKYJbl. McIonb3ys
IDaHHBIA (PAKT U OTCYTCTBUE B CHCTEMe MATHHUTHBIX B3aUMOJAEHCTBUM,
moJydaeM cJenyiolilee BhIpakeHue Ias 3GGHeKTUBHOTO MATPUUYHOTO
aJIeMeHTa IIepPeCcKoKa 3JIEKTPOHA MeKAY dJIeKTPogaMu

711%3(10”0"9,chus = 60,0’608,0‘; TRq,Lk’
BB
T, = L . 19)
R, Ik ;Em{ ~E(V)+i(l,, +Tg)/2

JIaHHBIA MAaTPUYHBIN 9JIEMEHT OTpaskKaeT CymepOOMEHHBIH MeXaHU3M
MEK9JIEKTPOJHOTO B3aMMOIENCTBUA Yepe3 BHICOKOJIEKAI[ue He3almoJ-
"Henuble MO mosaexkyabl. 9Tt MO yuacTByioT B (pOpMUPOBAHUU B3au-
MOJENCTBUS BUPTyaJbHBIM oOpasom. Bruipaxkenue (19) orpakaer
KBAHTOBBIHA IIePEXOJ CUCTE€MbI M3 COCTOAHUS, I'Jle JIEKTPOH HAXOMIUJI-
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cAd B 30HE MPOBOJIMMOCTH JIEBOTO 3JEKTPOJa C BOJHOBHEIM BeKTOpoM Kk
¥ TIpoeKIinel cinmHa ¢ (a MOJIeKyJia B K0JebaTeJIbHOM COCTOSHUU U,) B
COCTOSIHIE, TMle BJIEKTPOH OKAa3bIBAETCS B 30HE MPOBOIMMOCTH IIPABOTO
SJIEKTPOMIa C BOJHOBBIM BEKTOPOM ( M IIpoeKIimeil cumHa ¢’ (a MoJe-
KyJa B KoJebaTeJIbHOM COCTOSHUU V',).

3. TOR YEPE3 MOJIERY JIY

TyHHEJIbLHBIA TOK Yepe3 MOJIEKYJY, BCTABJIEHHYIO MeEXKAY DJIEKTPOoa-
MM, MOXHO BBIYMCJIUTH C IIOMOIIIBIO BBIPAKEHUA

I=-eK,  ,,-Kg;,.) (20)

rae K, . (K, ;) — TyHHeJIbHBII IOTOK 3JIEKTPOHOB OT JIEBOTO (IIpPaBoO-
ro) sJeKkTpoma K mpaBomy (jeBomy). B paccmarpuBaeMoM ciyuae He-
MarHuTHOU MOJIEKYJbl M HEMAarHUTHEIX DJIEKTPOJOB IJIS YIIPYTOT'O IIO-
TOKAa 3JIEKTPOHOB moJry4yaeM (cM. Takske [7, 19])

4n
Ky on = =2 ) Tagus P 1B p = V,)A = fo(Egy = VR)S(E, — By,)- (21)
k.q

-1
3necy f.(E,) = (e(Ef"’”’)/ kel 1) — 2JIeKTPOHHAA (PYHKIMS paciipene-

aenuda ®Pepmu (E, — sHeprusa sjeKTPOHa ¢ BOJHOBBIM BeKTOopoM k B
30HE IPOBOAMMOCTH 7'-TO 3JIEKTPOMA; |, — XUMHUUYECKUIN HOTEHITHAJ I-
ro sJeKTpoja, r=L, R). Beipaxxenue giaa obparHOoro motoka K,

ciaegyer us (21) mocpemcTBoM 3aMeHBbI uMHAEKCOB: L <> R. Temeps,
yuutbiBadg dopmyasl (14), (18), (19) u (21), Ha ocHOBe ompeaeIeHUT
(20) maxomauM cieayiolilee BhIpasKeHNe AJIs YIPYroro TOKa uepes Iie-
TOYEUHYIO0 MOJIEKYJIY:

I =1I,(1- ettty Ij:dE T(E,V)(f,(E - eV,) - fo(E - €Vy)) .(22)

Snecs I, = |e| /mh = 77,6 MKA — emuuuIla Toka. Ilog mHTErpajiom cro-
UT TPAHCMUCCUOHHAA HYHKITNA

T(E,V) = T, (BT ()Y 4, (D, (N) I (23)
’ RIS E-E (V) +iT, (E)+ T, (E) /2|’
B KOTOPOH
T, (E) =|u, T ()3, , + | u,(N) T (E)S, , (24)

€CThb yABOE€HHAad IINPpUHAa U-I'0 JEJIOKAJIN30BaHHOI'O YPOBHA MOJIEKYJIBI.
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YinupeHue 00yCJIOBJIEHO B3aMMOJENCTBHEM C I'-M 3JIEKTPOAoM. Beurm-
ypHa (24) BLIpakeHa dUepes3 YIABOEHHYIO IMTUPUHY SHEPreTHUECKOTO
YPOBHJ JIeBOTO (ITPaBOr0) KPaeBOro 3BeHA eI

FL(R)(E) = 27'[2] BL(R)kl(N) |26(E - EL(R)k) . (25)
k

Tak KaKk Hepe30HAHCHBIN MeXaHu3M (pOPMUPOBAHUS TOKA Pean3yeT-
cA IIPU BLICOKOM ITOJIOKEHUU YUYACTBYIOIINX B TYHHEJLHOH TPaHCMUC-
CUM ypOBHEIl MOJIeKYJsl, TO pasHocts E — E (V) B (23) Bceraa mpessl-
IaeT yirupeHue ypopHeii. [losToMy mIpu Hepe3oHAHCHOM TYHHEJIHUPOBa-
HUU 3JIEKTPOHA ¢ sHeprueil £ BbITOJIHAETCS YCIOBIE

E,—E>>T, (E)+T, (E). (26)
4. PEBYJIBTATBI

YucaeHHbIe OIIEHKH ITIOKA3LIBAIOT, UTO HepaBeHCTBO (11) X0opoIITo BRITIO-
HAeTCS BO MHOTHX HPaKTUYECKM BasKHBIX CJIyYasaxX, KOT[Ja HAIPAKEH-
HOCTB 9JIEKTPUUECKOTO mojid He mpesbimaer (10°-107) B/cm = (1072-107")
B/A. Haupuwmep, eciau TyHHeaupoBaHue UAET uepes 3BeHbs —CH,y—, st
KoTOpBIX B, =2 3B, a 1,5 A, To ycedéHHBIII MOJIEKYJIAPHBIA ITaMUJIb-
Touuad (9) MoKeT HMCIOJIb30BaThCA IJIS Iey AJUHHON a0 15 3BeHLEeB
(mpu puKCUPOBaHHOM pasHuiie moreHmnuanos V = 0,5 B, puc. 2, a) u 10
20 3BeHbeB (IpH (DUKCHUPOBAHHOH Hampa:keéHHOCTH moad €= 10°B/cm;
puc. 2, 0).

IIpuBoguMEbIe HUIKE TeOopeTHUEeCKHe Pe3yabTaThbl OTHOCATCS K CJIY-
yaio, Korjga HepaBeHcTBO (11) BeimoaHsAeTcsa. Huike ucciemyem cayuaii
UIeHTUYHBIX 3JIEKTPOIOB C OMNHAKOBbBIMEU ypoBHAMU Pepmu Ep. IIpes-
IOJIaraeTcsd, UTO K 3JeKTPOJaM CUMMETPUYHO IPUJIOKEHO BJIEKTPUYE-

CKOe IIoJe, TaK 4To U, = K, +|e|V /2, up =E, —|e|V / 2. Ucnonbaya
BeIpaskeHud (4), (8), (10) u (23), c yuéTom HepaBeHcTBa (26) moayuaem:
r,r, IHL dE sh’A(E,(V) - E)

Bf Mg shz[(N +1)A(ER(V) - E)] |
IIpemensl MHTErpUPOBAHUS OOYCJIOBJEHBI TeM (paKTOM, UTO HIPU KOM-

HaTHBIX TeMIepaTrypax paciupefesneHre PepMu IIpeAcTaBiseT co00i
byHuKIUIO, 6IU3KYIO K cTyHeHuaToii. B Buipamenun (27)

IV)=1I, (27)

(28)

— IapaMeTp 3aTyXaHHA CylepoOMeHa Ha OLHO 3BEHO Ilenu. Beemém
SHepreTUUecKue IMeJu MEeXKIY IeHTPOM He3aIllOJHEeHHOM 30HBI MOJie-
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04— T T T T T T T T T T p
10 3 410° 1 £=10°Blem
P4 /
810" / s 4] u=2
« 0,154 3.10 . / 4
039 610 A—p'=5 o a b —A—p'=5 A ]
= —v—u'=7 K 32109 —w—p'=7 V4
P 410° v 1 Va /
A 3 Y
= 2107 X / = o104 M1° A . 4
024 e u 4 z e
bl ol _aaad v / / o 0. e . /
3 6 9 12 15 18 /0 4 6 8 10 12 14 16 18 20 u /!
N -/ ad N / o
014 —E—p'=1 o’ _® 1 0,05 =1 L
o . - A . L
u'=3 ./- o® n=2 —@—u'=3 o ./.
— o ® e
= V=0,5B _g-5e°
0obpnpptfer V-0 000k np v pnppteT
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
N N
a 0

Puc. 2. 3aBucumocTs BeIMYMHEL ( , OT YKCiIa 3BeHbeB Lenu N 1pu puxcupo-
BaHHOU pasHuile noreuanuagoB V = 0,5 5B (a) u puKkcupoBaHHO HATPAIKEHHO-
cTu saeKTpudeckoro moisa €= 10° B/cm (6). Pacuérel mo dopmyse (11) mpu
a=9%6, =%,~=1,5 A, r,=r,=0,015B, ®,=4,53B, n, —n, =0,05. Kpu-
TUYECKUMHU SBJIAIOTCA caMble O0imskue 3HaueHus p u P =p+ 1. ITokazaHbl
n=2,u=1,38,57.

KYJbl ¥ yPOBHAMU PepMU JIEBOro U IPABOr0 3JIEKTPOIOB:

AEL(V) = (DB + (eV/2)(1 +M, — T]R), AER(V) = CDB - (eV/2)(1 + Mg — ﬂL) s
(29)
rie ®, =E, - E, — pabora BBIXOZa, U IPOU3BEJEM 3aMeHy Iepe-

meHHBIX. Torma BeipaskeHue (27) IJA TOKA uyepe3 MOJEKYJIY MOXMKET
OBITH IIEPEeNnurcaHo B 0oJjee IIPOCTOM BHUZE:

[T, AE0) sh?A(e)
5 I de—; .
B, JaE™  sh[(N +1)A(e)]

ITockoabKy mogbIHTErpaIbHOE BhIpaskeHue B (30) He 3aBucut ot V, To Bea
3aBUCHMOCTh TOKA OT BHEIITHErO 3JeKTPUUYECKOTO II0JIA CKOHIIEHTPUPO-
BaHA B SHEPreTUUYecKUx Ineasax (29), ABASIOIIUXCSA Telephb IperejaMu
MHTETPUPOBAHUS. OTO MO3BOJIAET HANUTHU CAeAYIOINee aHAJIUTHUECKOe BbI-
pakeHUe IJid TYHHEJIbHOI IPOBOAMMOCTH IETIOUEYHOI MOJIEKYJIbI:

(V) = I, (30)

Sth(AEL (V))
sh’[(N + DA(AE, (V)]

g(V) = %{(1 1, - M)

(31)

ity -y OB |

sh’[(N + 1)A(AE,(V))]
rae g, = e’ /mh~ 77,6 MKA/B — emuHuna mposoguMocTu. IIpoBosu-

MOCTHb IIPM MaJIOW Pa3HUIlEe IIOTEHIIMAJIOB IOJYYAeTCA IIPeAeTbHBIM
nepexogoM V — 0 u BRITTIAIUT Kak
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sh’A(D )
sh®[(N + 1)A(D,)]

g(0) = g, (32)

®dopmyasl (30) nasa Toxa u (31) Iy TPOBOAUMOCTY MOKHO HCIIONIH30-
BaTh [IJIsI aHaJM3a PAa3JUYHBLIX PEKHMMOB TYHHEJIbHON TPaHCMHCCUU
AJIEKTPOHOB Yepes IeNOYeUHYI0 MOJIEKYJy. TaK, ecjiu BHIIOJIHIETCA yC-

goBue (E,(V)-E) /2B, >>1 (pexum riiy6b0Koro TyHHeJIMPOBAHUA), TO
A(g) = In(e / B,) . UuTerpau B (30) 6epéTcsa B ABHOM BHUe U IIOTOMY

IV)=1 I''Ig a B. o PLNd _ B. e Pad | (33)
B, 2d+al|AE, (V) AE,(V)

3mechb d =a(N — 1) — nauHa MOJIEKYJIAPHON e, BhIpaKeHHasa yepes
eé moctogHHYI0 a. Takum o6pasom, MBI ITOJTydaeM 3aBuCUMOCTD (1) ¢ mma-
paMeTpoM CyIepoOMEeHHOI'0 3aTyXaHNA TOKa Ha eUHUIY IJINHEI

B, (V) =B(AE,(V)) = (2/ a)In(AE (V) / B,) . (34)

B Gouee 00111eM cioyyae JaHHAsA BEJIMUYMHA CBsS3aHa C IapaMeTpPoOM 3aTy-
xaHusda (28) Ha ogHO 3BeHO BhIpaskeHueM P(g) = (2 / a)A(g) , To ecTh

AE,(V)
2B,

B0 =21n
a

[AEr(V)

%, J—1 (r=L,R). (35)

Ha rpaduxe, mpuBegéHHOM Ha puc. 3, BUAHO, KAK SKCIOHEHIINAIb-

1-10"~'\ 1
'\ \ o .kv\v
< 1104 \. Ay 18 \:\A\'\v\
o 110 I\.\ \V < \ a v
R \.\ B \=\ T—a
~ -®V=0,3B \'\\1 %00 Vo038 e T
110°y @~ V=05B .\.\A —e—V-=058B .\o
—A—V=08B .\. — A& V-08B \_\'
v V=108 1 . yotos N
A R T L S
N N
a 0

Puc. 3. 3aBucumocTh ToKa I uepes MOJEKYJIy, COAEPKAIIYIO Ilenb u3 N uaeH-
TUYHBIX 3BeHbEB (a). IlafgeHne ToKa mepecTaeT caefoBaTh S9KCIIOHEHIINAJILHOMY
3aKOHY IIpu 00Jiee BLICOKOM pasHulle moTeHIuaaoB V. Harnanaee 5To mpoABJIsa-
eTcA Ha 3aBUCUMOCTU IIPOBOAMMOCTH MOJEeKYJIbl g oT N (0). PacuéTsl mo dop-
myJiiam (30), (31) — c Temu Ke mapaMeTpamMu, YTO U Ha puc. 2.
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Hoe mazeHue Toka (I o« exp(—pd)) ¢ pukcupoBanHbIM [} IEpexoauT B 60-
Jee CJOMKHYIO 3aBHCHMOCTL C POCTOM PasHOCTHU HOoTeHHuaioB V. Uem
BEIIIIEe PA3HOCTh MOTEHIINAJOB, TEM XYiKe BBIMOJHSETCS YCJIOBUE IJIs
pesxkuMa TIyO0oKoro TyHHenaupoBaHUA. I[losTomy B 00IIeM ciayudae IJis
McCIeqOBaHUA TOKA CJaeayeT MOJb30BaThCA MHTErpPaIbHOMi dopmoii (30)
uau 6ojee yAOOHBIM IJIs aHAINM3a ABHLIM BbIpaKeHUEM IJIA TYHHEJb-
HOI mpoBoguMocTH (31).

Ha pucyukax 4 u 5 nzobpakeHo moBeJieHIe TOKA 1 IPOBOJUMOCTU B

0,25 T T T T

0,20+

0,15+

I, 5HA

0,10+

0,05+

0,00

PMC.4.I—thapaRTepHCTHKH HeHOQGQHOﬁ MOJIEKYJIBI C Pa3dHbIM YMCJIOM HJIEH-
TUYHBIX 3BeHbeB. OMHUUECKUI PEKUM TOCTATOUHO XOPOIIIO COXPAaHSEeTCSa IIpHU
V' < 0,2 B. Pacuétsi no opmyiie (30) — c TemMu 2Ke mapamMeTpaMu, UTO U Ha pUC. 2.

0,30

0,25 1

0,20

0,15+

&, HA/B

0,10

0,05

0,00
0,0 0,2 0,4 0,6 0,8 1,0

V,B

Puc. 5. g—V-xapaKTepuCTUKHU ITeTIOYEUHON MOJEKYJLI C PA3HBIM YMCJIOM HIEH-
TUYHBIX 3BeHbeB. HapyleHre oMuuecKoro pexxuma Habiogaerca mpu V > 0,2 B.
Pacuérel mo popmyie (31) — ¢ TeMu xe mapamMmeTpaMu, YTO ¥ HA puc. 2.
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3aBHCHUMOCTH OT IIPUJIOKEHHOTO K 3JEKTPOoAaM HaIpAKeHuA. Bumno,
yro yixe npu V > 0,2 B maunHaeT IposaBIATLCA HEJIMHEHHOe ITOBeIeHMe
000X BeJIMYMH HE3aBUCHUMO OT IJIUHBLI MOJEKYyJApHOU menu. Takum
00pasoM, TOK uepe3 MOJIEKYJY IPY HePE30HAHCHOM TYHHEJIbHOM DPEXKU-
Me TPaHCMUCCUY MOAUNHAETCA 3aKOHY OMa TOJIBKO TPYU MaJION Pa3HUIIE
TIOTEHIINAJIOB MEXAY 3JEKTPOIAMU.

5. SARJIIOYEHHE

Hamu ObL10 IpOBEeHO TeopeTHUecKoe MCCIeNOBaHMe CYyHepoOMeHHOIM
MEKAJIEKTPONHON TPAHCMUCCUM 3JEKTPOHOB Uepe3 IEeIOYeUHYI0 MOoJie-
KYJIy C IACCUBHBIMU TePMHUHAIbHBIMY IPYIIIIAMHA JJIS CHCTEM, B KOTOPBIX
He JOCTUTAeTCA PEeKMM pPe30HaHCHOIH TpaHcMmuccuu. Ilems aTomoB, co-
CTaBJIAIONIASA MOJEKYJY, (DOPMUDPYET CBOETO pPOZa MOCTHK, OCYIIECTB-
JISIONUH TUCTAHIIMOHHYIO CBSI3h MEKAY dJIeKTponaMu. PealbHO MOCTUK
He 3aceJisgeTcs MIePeHOCUMbIMHY 9JIeKTPOHAMU, MIOCKOJbKY €r0 YPOBHU Ha-
XOOATCS AAJEeKO OT YPOBHEH METAINUECKUX 9JIeKTPOJIOB. OJEKTPOHBI
momaaloT Ha MOCTHUK BUPTYaJbHO, a caM IIPOIlecC IiepeHoca HOCUT Xa-
paKTep KOrepeHTHOro AUCTAHIIMOHHOTO NpblKKa. OCHOBBLIBAsCH HA TEO-
puu cymepoOMeHHOTo IIepeHoca, ObLIN HaiileHbl 00Ire BhIPAsKeH! s I
TOKAa U ITPOBOAMMOCTY MOJIEKYJILI C PETYJISIPHBIM PACIIOJIOMKEHEM BHYT-
PEeHHUX 3BEHbEB Ilelll. Brlja TaK:Ke HalileHa 3aBHCHMOCTL IIapaMmeTrpa
IVCTAHIIMOHHOTO 3aTYyXaHUA OT IIPUJIOKEHHON K 9JeKTPOoJaM Pas3sHOCTHU
noreHuanoB V. IlokasaHo, 4TO IpU CUJIBLHOM G-CBA3U MEKIY BHYTPEH-
HUMHU 3BEHBLAMHU Ienu (GopMy TYHHEJILHOTO SHEpPreTuUecKoro Gaphbepa
MEXKIY JJIEKTPOAAaMHU MOJKHO CUHTATH IIPSIMOYTOJIBHOM, a 3aBUCHUMOCTD
BBICOTBI 6aphepa OT IPUJIOKEHHOTO HAIPAKeHUa JuHeiiHoi. Pesyabrar
CIpaBeIJIUB JIs IIeMOYeK AJIWHON A0 2 HaHOMETPOB IIPU HAIPIKEHHO-
cTax noag okoso 10° B/cm. IlonyueHHEBIH pe3yabTaT IOKA3bIBAET, UTO BO
MHOTHUX CJIy4YasaX MOJeJIUPOBAHNE dJIEKTPOHHO-TPAHCIOPTHLIX IIPOIIECCOB
B CHCTEMAaX, BaXKHBIX JJIA IPAKTUUECKOTO IPUMEHEeHU B MOJIEKYJIAPHOH
BJIEKTPOHMEKE, CYIIeCTBEHHO 00JIeryaeTcs.

Pabora BbIIONHEHAa B paMKax IIeJIeBOM IIporpaMMbl (pyHIaMeHTAaJb-
HBIX mccaemoBanuiit HAH Vikpaunbl (TeMa «@PyHIaMeHTaIbHBIE CBOIi-
cTBa (DBMUECKUX CUCTEM B SKCTPEMAJBHBLIX YCJIOBUAXY).
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